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Abstract
The transport of fluids at functional interfaces, driven by the external stimuli, is well established. The lossless
transport of oil-based fluids under water remains a challenge, however, due to their high stickiness towards the
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 b,d,e 
The transport of fluids at functional interfaces, driven by the external stimuli, is well established. Lossless transport of oil-
based fluids underwater remains a challenge, however, due to their high stickiness towards the surface. Here, a 
superhydrophilic and underwater superoleophobic tri-phase water/oil/solid nanoarray surface has been designed and 
prepared. The unique tri-phase surface exhibits an underwater superoleophobic property with an extremely low stickiness 
towards oil-based fluids. The magnetic-field-driven manipulation and transport of oil-based magnetic fluids are 
demonstrated underwater, which opens up a new pathway to design flexibility and smart devices for control and transfer  
of liquid droplets by using tri-phase systems. 
Introduction,  
Controllable manipulation and transfer of small amounts of 
liquid droplets in a medium is crucial in miniature systems for 
pharmaceutics and for chemical, medical, and biological 
applications, which have been explored extensively for 
decades. Recent studies on functional nano/microchannel 
structures have demonstrated excellent strategies for design 
flexibility and smart devices for the control and transfer of 
liquid droplets.
1-6
 External actuating forces, including pressure 
differences, electric fields, thermal gradients, and acoustic 
stimulation, have been applied in nano/microchannel fluidic 
devices to control the movement of liquid droplets.
7-13
 It has 
been successfully demonstrated that the droplets tend to 
move free of loss if superhydrophobic (to water-based liquid) 
or superoleophobic (to oil-based liquid) surfaces are used in 
air.
14-20
 Nevertheless, manipulation of liquid droplets in a liquid 
medium remains a big challenge so far for multiple-phase 
contact modes. For example, although oil generally exhibits 
superoleophobic behaviour on solid substrates in water, it is 
extremely challenging to achieve the controllable transfer of 
oil underwater due to the difficulty of coupling actuating fields 
in a liquid medium. In addition, it is difficult to manipulate 
discrete oil droplets in a manner that is free of loss due to their 
high stickiness to a solid surface underwater.  
In a multiphase interface, the wettability can be tuned by any 
phase involved in the system and, hence, an adjustable 
wettability is facilitated in various environments. For example, 
fish scales can be self-cleaning due to their oil-repellent nature 
underwater.
20
 Artificial tri-phase (solid-oil-water and solid-
water-air) interfaces that mimic fish scales were fabricated in 
order to achieve a superoleophobic and/or superhydrophobic 
surface in the liquid medium.
21-24
 Nevertheless, the adhesive 
hysteresis hinders the lossless transport of liquids in another 
liquid medium. 
      Herein, we have designed and fabricated a tri-phase 
water/oil/solid nanoarray interface that shows non-sticking 
superoleophobicity underwater. By incorporating external 
magnetic actuation, non-contact controllable manipulation of 
oil-based magnetic fluids on such interfaces is realized. We 
demonstrate that a magnetic fluid can be used to collect and 
transfer oil droplets on this interface, driven by an external 
magnetic field underwater. The unique tri-phase interface is 
important for maintaining the stability of the superoleophobic 
surface, and is crucial for freely controlling oil droplets on such 
a surface in water. This work is promising for the application of 
controllable transfer and collection of liquid cargo by using 
magnetic fluid in water through tuneable magnetic actuation.   
 
Experimental 
ZnO nanorod array samples were fabricated by a low-
temperature hydrothermal method. The substrates used to 
grow ZnO nanorods were clean glass. ZnO seed layers were 
produced by spin-coating zinc acetate dehydrate ethanol 
solution (0.01 M) on the glass substrates. The hydrothermal 
reaction in an aqueous solution was prepared by mixing 
Zn(NO3)2 (0.05 M), ammonia, and urea. The density and 
particle size of ZnO can be precisely controlled by adjusting the 
concentration of ammonia and urea. The sealed Teflon-lined 
stainless steel autoclave was kept at 90 
o
C for 4 h. Then, the 
ZnO nanorod arrays samples were washed with deionized 
water several times and dried in air at room temperature for 
24 h. 
      The ZnO smooth film was synthesized by a photochemical 
reaction. The glass substrates were cleaned extensively and 
then dipped in 5% poly(diallyldimethylammonium chloride) 
aqueous solution for 30 min. The cationic solution, ZnO2 sol, 
was prepared by mixing Zn(NO3)2 aqueous solution (10 g/L, 
100 mL) and 2 mL H2O2 under light irradiation for 3 h. 
Poly(sodium-p-styrenesulfonate) (2 g/L) was adopted as the 
anionic solution. The modified glass substrates were 
alternately immersed in the anionic solution and then the 
cationic solution. The substrates were rinsed intensively with 
water and dried with nitrogen between the consecutive 
immersions. The ZnO smooth films were obtained by annealing 
the as-prepared substrates at 550 
o
C for 2 h. 
      Characterizations of the manipulation and transfer of oil 
droplets on the ZnO nanorod arrays and the ZnO smooth films 
were carried out underwater. The magnetic fluid used in this 
work was prepared as in a previous report.
25
 The intensity of 
the external magnetic field used to manipulate and transfer 
the magnetic droplets was up to 42 mT. Scanning electron 
microscope (SEM) images were obtained with a JEOL JSM-
7500FA at 10 kV. A Dataphysics OCA20 CA system was used to 
measure the contact angles (CAs) at ambient temperature. At 
least five different CAs at different positions were measured 
and averaged for the same sample. 
Results and discussion  
Fig. 1a and b present SEM images of as-prepared ZnO 
nanoarrays. It is revealed that the ZnO nanoarrays consist of 
highly aligned uniform nanorods. The diameters of the ZnO 
nanorods are about 150 nm to 250 nm, and the length is 
around 6 µm. After ultraviolet (UV, 365 nm) irradiation, the as-
prepared ZnO nanoarrays exhibit superhydrophilic (6°) and 
superoleophilic (9°) characteristics in air, respectively, as 
shown in Fig. 1c and d.
 26-28
 When a ZnO nanoarrays surface is 
placed in water, water enter the interspace of as-prepared 
ZnO nanorod arrays completely, which will consequently 
improve the repellent force to oil.
29-31
 Thus, the 
superhydrophilic surface in air shows a superoleophobic 
property underwater with a CA of 156°, as shown in the 
bottom panel in Fig. 1e. This underwater superoleophobic 
property has been investigated in previous works.
18,32
 In a 
water/air/solid system, contact angle of water on a rough 
surface composed of solid and air can be described by Eqn (1):  
cos   fcos  f  1                                  (1) 
where  is the contact angle of a water droplet on a rough 
solid in air,  is the contact angle of a water droplet on a 
smooth surface in air, f is the area fraction of the solid on the 
surface. 
Similarly, in an oil/water/solid system, the contact angle of oil 
on a rough surface composed of solid and water can be 
described as Eqn (2):  
cosa'   fcosa  f  1                              (2) 
where a' is the contact angle of an oil droplet on a rough solid 
in water, a is the contact angle of an oil droplet on a smooth 
surface in water, f is the area fraction of the solid on the 
surface. Therefore, compared with ZnO smooth film, by 
dramatically decreasing the area fraction of the solid area on 
the surface ZnO nanorod arrays, the underwater 
superoleophobic surface can be obtained. 
      Dynamic wettability characterizations of the as-prepared 
aligned nanorod arrays were conducted to demonstrate the 
surface characteristic of underwater superoleophobicity. In 
comparison, the same experiments were also carried out on a 
ZnO smooth film with a lower roughness than for the ZnO 
nanorod arrays. Although both the ZnO nanorod arrays and 
the smooth films clearly exhibit superoleophobicity 
underwater, their adhesion behaviours towards oil are distinct. 
As shown in Fig. 2, an oil droplet easily rolls on the nanorod 
arrays surface underwater with a small sliding angle of less 
than 5° (Fig. 2b and c). In contrast, the oil droplet sticks on the 
ZnO smooth film and does not slide, even at a much higher 
sliding angle (up to 15°) (Fig. 2e and f). As mentioned above, 
the interspaces of the superhydrophilic ZnO nanorod arrays 
are fully encapsulated by water when they are immersed in 
water, which creates a repellent force towards oil droplets and 
changes the surface to superoleophobic underwater. 
Therefore, only the top surfaces of these nanorods are in 
contact with the oil droplet. This particular contact mode 
enables the contact area between the ZnO nanorods and the 
oil droplets to become extremely small, and forms a 
discontinuous tri-phase (oil/water/ZnO nanorods) contact line, 
as illustrated by the red dotted line in Fig. 2g. For smooth ZnO, 
on the other hand, the contact mode of the tri-phase is a 
continuous contact line, as marked in blue in Fig. 2h, which 
results in a larger contact area between the substrate and the 
oil droplets than for the ZnO nanorod arrays. Thus, compared 
with ZnO smooth films, the large repellent force towards oil 
droplets and the discontinuous tri-phase contact mode of the 
aligned ZnO nanoarrays surface significantly reduces the 
stickiness between oil droplets and the surface.  
      The aligned ZnO nanoarrays were then used for 
manipulating and transferring oil droplets underwater. To 
achieve the tuneable control of oil droplets on the 
superoleophobic surface in water by magnetic field, magnetic 
fluids consisting of superparamagnetic Fe3O4 nanoparticles 
were selected. The Fe3O4 nanoparticles were around 25 nm in 
diameter, and they could be quickly magnetized or 
demagnetized with/without external magnetic field. Transport 
of the magnetic liquid was studied on the surface of the 
underwater superoleophobic ZnO nanorod arrays and on 
smooth ZnO film, respectively. As shown in Fig. 3a, the top and 
the bottom substrates are superoleophobic ZnO nanorod 
arrays coated on glass with water filling the interspaces. A 
magnetic fluid droplet was injected into the interspace. A 
periodic external magnetic field with a frequency of 20 Hz was 
applied as the actuating force. The magnetic fluid droplet 
exhibited high mobility and quick response to the magnetic 
stimuli on the ZnO nanorod arrays. No adhesion of the 
magnetic fluid was observed in the transport process, which 
supports the low stickiness of the magnetic fluid towards the 
ZnO nanorod arrays. Whereas, as shown in Fig. 3b, when the 
top and the bottom substrates are smooth ZnO film coated 
glass, obvious delays in the movement and loss of magnetic 
fluid from the droplet were observed during the motion 
between the two substrates. Losses of weight of the magnetic 
liquid droplets were reflected by the change in volume of the 
magnetic liquid droplets on the bottom substrates without 
external magnetic field. As shown in Fig. 3c, after 10 transport 
cycles of the magnetic liquid droplets, no loss of volume was 
achieved between the aligned ZnO nanorod arrays substrates. 
In contrast, the smooth ZnO-film-coated glass substrates 
exhibited poor performance, with about 40% of the magnetic 
liquid droplet adhering to the top substrate after 10 cycles. 
The high stickiness of the smooth ZnO film without the 
discontinuous tri-phase contact mode is responsible for the 
high adhesion.  
      Finally, we demonstrated that an oil droplet can be 
collected underwater by manipulating the motion of magnetic 
liquid droplets by external magnetic field. As shown in Fig. 4a-
f, glass substrates with aligned ZnO nanorod arrays coated on 
the surface were used as the top and bottom interfaces with 
water filling the interspaces. An oleophilic point was created 
on the bottom substrate, which is marked by a red triangle, to 
immobilize the oil droplet. In Fig. 4a, the magnetic fluid droplet 
and a colourless oil droplet were injected separately onto the 
bottom substrate. When an external magnetic field was set up 
on the top substrate (Fig. 4b), the magnetic fluid droplet was 
rapidly magnetized and drawn towards the top substrate. It 
was then transferred from the left to the right side by the 
magnetic field (Fig. 4c). Once the external magnetic field was 
withdrawn, the magnetic fluid became demagnetized and fell 
down to the underlying interface due to gravity. Then the 
magnetic fluid dissolved into the oil droplet (Fig. 4d). It was 
found that the large mixed magnetic oil droplet was also stable 
on the bottom ZnO nanorod array interface. After that, as 
shown in Fig. 4e-f, the mixed large magnetic droplet was 
transferred back to its original position driven by the external 
magnetic field. No losses from the oil and magnetic fluid 
droplets were observed during the manipulation and 
movement. A variety of oils are adopted in above experiments. 
It is demonstrated that oils, like 1, 2-dichloroethane and 
chloroform with high densities, can be easily controlled and 
manipulated on the ZnO nanorod arrays underwater. 
Meanwhile, to control and manipulate oils with densities less 
than water, the external magnetic field should be applied at 
the bottom of the equipment. 
Conclusions 
In summary, the above experiments achieved the free transfer 
and manipulation of oil droplets under water with the 
assistance of a superparamagnetic magnetic fluid under 
external magnetic field as the actuating force. It is suggested 
that the superoleophobic property and small adhesion 
towards oil are imparted to the substrate by using the specially 
designed ZnO nanorod arrays as the surface, the stable tri-
phase contact mode of which can effectively decrease the 
stickiness between the substrate surface and the oil droplet, 
and prevent the loss of the oil droplet during the movement 
and transfer. This work is promising for the application of 
controllable transfer and collection of liquid cargo via an 
external magnetic fluid in a liquid medium through tuning 
magnetic actuation. In addition, the magnetic actuation mode 
presents huge advantages towards liquid media due to its 
large and long-range forces and weak interaction with 
nonmagnetic actuation liquid media, as well as its easy 
implementation conditions and low cost. 
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Figures and figure captions 
 
Fig. 1 Morphology and wettability characterization of the as-prepared aligned nanorod arrays. Scanning electron microscope 
(SEM) images of the aligned ZnO nanorod arrays: (a) Top view; (b) Cross-sectional view. The scale bars in (a) and (b) are 5 µm and 
2 µm, respectively. Photographs of water (c, top) and oil (d, top) droplets on aligned nanorod array surfaces in air. (e, top) 
Photograph of an oil droplet on an aligned nanorod arrays surface in water. The images at the bottoms of (c-e) are the 















Fig. 2 Dynamic wettability of the as-prepared aligned nanorod arrays. (a-c) Oil is easy to roll on the aligned nanorod arrays 
surface in water with a sliding angle of < 5°. (d-f) Oil sticks to the smooth ZnO surface in water, and a droplet is difficult to move 
even with a higher sliding angle. Schematic illustration of the corresponding tri-phase contact line of the oil droplet on (g) the 
aligned nanorod arrays and on (h) a smooth ZnO surface in water.   
 
Fig. 3 The dynamic movement process of a magnetic fluid droplet on the aligned nanoarray and smooth ZnO substrates. (a) The 
dynamic movement process for a magnetic fluid droplet on an aligned ZnO nanorod arrays substrate with low adhesion. (b) The 
dynamic movement process of a magnetic fluid droplet on a smooth ZnO substrate with high adhesion. (c) The change in the 
relative volume of the magnetic fluid droplet on the bottom substrate during the movement for the aligned ZnO nanorod arrays 




Fig. 4 The manipulation and transfer of an underwater oil droplet by a magnetic fluid droplet on the aligned ZnO nanorod arrays. 
(a-c) The magnetic fluid droplet movement and transfer process. (d-f) The magnetic fluid droplet combines with the oil droplet 
with a following movement and transfer process. The red triangle in each figure is the oleophilic area for fixing the droplet. 
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